Abstract: It has been previously proved that multi-channel blind source separation (BSS) can separate the deterministic sinusoidal signals by using independent component analysis (ICA) technique. In this paper, we derive a single channel BSS method for deterministic sinusoidal signals with ICA. The proposed single channel BSS method achieves separation by utilizing additional filters to virtually provide a mixture matrix for BSS. Simulation results showed the effectiveness of the proposed method.
Introduction
Blind source separation (BSS) is a technique to extract N source signals from M observed mixture signals, under the condition that the mixing process is unknown. As reported in many literatures, BSS can be achieved by using independent component analysis (ICA) [1] . Such ICA techniques are mainly used for separating stochastic signals, e.g., speech, biomedical signals, and so on. In the area of radar, communication, and active noise control systems, the target source signals are often represented as deterministic sinusoidal signals. Several literatures have experimentally shown that BSS for deterministic sinusoidal signals can be achieved by using ICA techniques [2, 3] . Recently, Kirimoto et al. have eventually revealed the theoretical reason why an ICA algorithm can separate the deterministic sinusoidal signals [4] . These results shown in [4] are a contribution to multi-channel systems. On the other hand, based on sparseness of the source signals, some methods achieved BSS when M < N [3, 5, 6] . Especially, the Tapped Delay Line-ICA (TDL-ICA) [3] technique can separate sinusoidal signals even if M = 1. The TDL-ICA utilizes the past samples of the observed signal to virtually make a mixture model. Unfortunately, without an increase of sensors, it is inherently difficult to improve separation capability.
In this paper, we propose a single channel BSS method which can improve the separation capability without the increase of sensors. In the proposed method, we utilize M filters (M ≥ N ) to produce M reference signals from the single observed signal. When we appropriately design the M filters, the sinusoidal source signals are successfully separated by using an ICA algorithm.
Multi-channel BSS for sinusoidal signals
We review the conventional multi-channel BSS method [4] . Let
T be a source vector at time n, where [·] T denotes the transposition, and s i (n) (i = 1, 2, . . . , N) is the ith source signal. We assume that the source signal s i (n) is a complex sinusoidal signal given as
where ω i , p i , θ i denote the ith angle frequency, amplitude, and phase, respectively. We also define an observed vector as
. . , M) denotes the observed signal at the mth sensor. The observed vector can be expressed as
where (M × N ) matrix A is the mixture matrix given as
Here, a ij denotes the ij element of A, and we assume that a ij is a complex scaler value. In this case, the mixture model (3) is called as an instantaneous mixture model [1] . We define an estimated source vector aŝ
where it is obtained by multiplying x(n) with a certain (N × M ) matrix W aŝ
Our purpose is to find the separation vector W so that W x(n) = s(n).
Kirimoto et al. have theoretically proved that the Fast ICA algorithm can find an appropriate W under the condition that M ≥ N and rank(A) = N .
Single channel TDL-ICA technique
We review the TDL-ICA [3] which is a single channel BSS method. When
Since ICA methods cannot distinguish the amplitude of the target signal, we represent the ith source signal ass
Then, we have
We define the tap delayed vector as
where M denotes the number of delayed samples. As shown in the above equations, we can establish an instantaneous mixture model. Our purpose is to find W so that W u(n) =s(n), again. Since (8) is a Vandermonde matrix whose rank is N , ICA methods can find an appropriate W as proved in [4] .
Single channel BSS with additional filter technique
Although the TDL-ICA method utilizes only the delayed signals as the reference signals, we introduce M filters to produce M reference signals to improve the separation capability.
For simplicity, we assume that M = N . When the observed signal is represented as (6), the output signal of the mth filter (m = 1, 2, · · · , N) is given by
where L m is the filter order and h m (i) denotes the ith coefficient. Since the target signals i (n) is the sinusoidal signal, y m (n) at the steady state can be written as
where H m (ω) denotes the frequency response of the mth filter. We define the filter output vector as
with
We see that B represents an instantaneous mixture matrix. When rank(B) = N , we can separate the target sinusoidal signals(n) as proved in [4] . In other words, we can flexibly choose B under the condition that rank(B)=N . Next, we consider the observed signal obtained as real values. This is an useful situation in a practical environment. We define the source signal as
where the observed signal is given as
Since the number of the complex sinusoidal signals is 2N , it is required 2N filters to separate them as mentioned above. We show that the number of the filters can reduce to N . We design the mth filter as a linear phase filter whose coefficients are real and symmetric. Then, we have At the steady state, the output signal of the mth filter can be represented as
Putting
, a delayed filter output signal is given as
This signal does not depend on D m . Hence, we havẽ
. . .
Equation (18) denotes the instantaneous mixture model which is similar to (2) and (11). Hence, we can separate the N real sinusoidal signals by using the N filters when rank(B R ) = N . The proposed single channel BSS system for real sinusoidal signals is summarized in Fig. 1 .
Simulation
We performed computer simulation to confirm the effectiveness of the proposed system shown in Fig. 1 . The filters to produce the N reference signals were designed as H 1 (ω) = 1 and , respectively. Their amplitudes were 1, and initial phases were randomly generated within [0, 2π).
The waveform of the observed signal is shown in the top panel of Fig. 2 . The separation results are shown in Fig. 2 (a)-(c) . We see from these results that the proposed method can separate real sinusoidal signals effectively. To compare the BSS capability, we also performed the BSS simulation for the single channel TDL-ICA method [3] . Note that the TDL-ICA has to estimate a (6×6) separation matrix, since the observed signal consisted of 6 complex sinusoidal signals. Addition to the simulation shown in Fig. 2 , we performed another BSS simulation for an observed signal which consisted of other three real sinusoidal signals. Here, the normalized frequencies of them were , respectively, where these frequencies were also used in [3] . As objective evaluation, we used the input and output SNRs defined as Input SNR = 10 log 10
Output SNR = 10 log 10
where Q denotes the length of the source signal. The SNR results are shown in Table I , where the TDL-ICA's results for positive and negative frequencies are separately displayed. From these results, we note that the BSS capability of the proposed method is superior to one of the TDL-ICA. This difference of the BSS capabilities might be caused from the separation matrix size.
Conclusion
In this paper, we have proposed a single channel BSS method for separating multiple deterministic sinusoidal signals. Especially, the proposed method is useful when the observed signal is real. Since the proposed method requires only single sensor, it can be widely applicable especially to small scale communication devices.
